Abstract-This paper presents an energy function-based optimal control strategy for output stabilization of integrated doubly fed induction generator (DFIG)-flywheel energy storage architecture to keep the grid power isolated from wind power output and voltage fluctuations and thus enabling increased penetration of wind energy resources. First, a grid connected two mass DFIG and a grid supportive single mass squirrel cage induction generator-based flywheel energy storage system model have been considered for controller design and proof of concept exploration. Second, a new energy function-based control architecture is proposed for maximum energy transfer from wind farm during normal operation and to improve DFIG low voltage ride through characteristics. It has been observed that the proposed architecture is very effective in mitigating oscillations and thus increasing wind energy penetration.
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FFORTS to replace fossil fuel based energy sources by renewable energy resources are gaining importance day by day all over the world. One of the mature renewable energy resources is the wind based power plant as the wind generation technology is developed and the operational cost is comparable with conventional power plants. However wind power plants, due to its variable nature, pose significant threat to the power system reliability during normal operation and during contingent situations. To overcome this, energy storage devices are commonly used in conjunction with wind farms, which store the electrical energy and uses it whenever necessary [1] - [3] . Among the storage options, flywheel energy storage systems have been favorably proposed due to its ability to provide storage capabilities like batteries but with long life and less maintenance. The flywheel stores the excess electrical energy in the form of kinetic energy by acceleration and supplies the deficit by deceleration. Hybrid wind-flywheel energy storage has significant advantage as the ramping up and down time of flywheel storage system is close to variable characteristics of wind energy.
Integration of wind farms and flywheel energy storage is made possible generally by control schemes. Different control schemes are discussed in [2] and [3] where the stator voltages of the flywheel machine are modified by the converters. In [3] and [4] , direct torque control and a combination of vector and decoupling control are used to enable smooth profile of power to the grid, including design with mechanical parameters as discussed in [4] . For modeling and control, DFIG models using its dynamic equations are discussed in [5] - [9] . In general, the regulation of the output power and terminal voltage of the DFIG is performed by modifying the voltages in the rotor. In [6] and [10] , several schemes based on decoupling the d-axis and q-axis components of the rotor current are proposed.
DFIG is very sensitive to voltage drops. During low voltage conditions, the rotor currents in the DFIG rise above its converter rating [11] . Generally a STATCOM can be used [12] , [13] to mitigate such dynamic voltage variations. A STATCOM supplies reactive power during faults or low voltage condition to the grid and helps to bring the voltage back to its nominal value. This dynamic control essentially prevents the rotor currents to go beyond its limit. Various methods for improving the low voltage ride through capability are explained in [14] - [16] . It can be noted that among several advantages, the flywheel setup can be used as STATCOM by modifying one of its controls in the GSC to supply the required reactive power during low voltage conditions. Thus coupled with a WECS, flywheel can provide steady state energy transfer and dynamic voltage regulation. Current state-of-the-art designs do not support both active and reactive power management of DFIG using energy storage. Also, architecture that optimally manage the overall energy during normal and faulty conditions of wind farms are not been designed yet.
In this paper a new approach for flywheel control using Flux magnitude and angle control (FMAC) based architecture evolved from [5] is proposed. For the control design, a reduced order system model is used after verifying the response of reduced model with higher order models ( [17] - [25] ). In the proposed approach, the fundamental frequency of the stator voltages is modified in the FSC (Flywheel side converter) controller instead of managing it directly. The rotor speed of the flywheel thus follows the fundamental speed frequency of the stator voltages. To analyze the performance, the system with only DFIG and the combined model of DFIG and flywheel is used. Further the evaluation on a reduced grid model of IEEE 68 bus system with integrated windfarm and flywheel is illustrated for both active and reactive power support that provides reactive power during low voltage conditions in the grid thus improving the LVRT capability of the WECS. The main contribution of the proposed methodology is the design of:
• An integrated wind-flywheel architecture based on a dynamic control methodology that enhances wind farm penetration through power and voltage stabilization.
• Decoupled active and reactive power control architecture.
• Direct active power based energy management strategy. The rest of the paper is organized as follows: Section II discuss the modeling of the DFIG based wind turbine. The WECS is considered as a two mass model with turbine and generator has a different shaft dynamics. Section III illustrates the modeling of flywheel as a squirrel cage induction machine. Section IV explains the combined model and small signal analysis of integrated DFIG flywheel combination. Section V shows the results of the time domain analysis. First, the effect of controllers in independent DFIG and independent flywheel are considered in order to validate the two machines. Section VI provides the implementation on the large power grid using industrial graded sophisticated software DIg-SILENT and Section VII provides the conclusion.
II. MODELING OF DFIG
Proposed DFIG-flywheel architecture that is connected to the grid through a transmission line represented by X e , is as shown in Fig. 1 . Overall schematic of the proposed control architecture is in Fig. 2 . The mathematical model of DFIG with generator side convention can be expressed by p.u voltage eqns. [1] [2] [3] [4] ] and p.u flux eqns. [5] [6] [7] [8] [7] . 
A. Flux Magnitude and Angle Control (FMAC) Strategy
For DFIG control, to enable flux dynamics control, it has been reported that [9] , a flux magnitude and angle control (FMAC) strategy can be utilized, where the magnitude and angle of the rotor flux vector is used to control the generator terminal voltage and output power respectively. In FMAC, the terminal voltage is oriented along q axis and d axis is assumed to be lagging the q axis. The adjustment of |v r |and the phase angle δ r are eventually responsible for control of electrical power and terminal voltage. Please see [7] for more details. 
B. Controller Scheme
Based on the above architecture the following controllers can be designed.
1) Rotor Side Converter:
The rotor side converter controls the power output and the terminal voltage as shown in Fig. 3 .
2) Grid Side Converter: The grid side converter controls the dc link voltage and the reactive power flow through the converter (figs 4). The dynamics of the capacitor can be expressed as
C. Drive Train Model of DFIG
DFIG drivetrain can be represented as 
III. MODELING OF FLYWHEEL ENERGY STORAGE DEVICE
The flywheel energy storage system (FESS) is modeled as a squirrel cage induction machine operating without any load torque, but with a flywheel coupled to its shaft. The FESS stores kinetic energy in its rotating shaft. The kinetic energy of the FESS associated with its rotating mass is given by
where E Fly the energy in joule, J Fly is the inertia of rotating mass in kg-m 2 and ω rFly is the speed of rotation in pu, ω Flybase is the base speed of the flywheel in rad/s. The power of the flywheel can be presented as
where ω rFly is in p.u. The machine has only one shaft; hence the swing equation can be represented above as
or
where, W rFly = ω 2 rFly can be defined as a new state variable. The value of C may be P rating DFIG (DFIG rating) or P avg (temporal moving average output of DFIG) depends upon the requirement for power smoothing. In reality, due to high variability of power generation from wind turbine the second option is obvious choice for the utility as the first option is not possible for long duration.
The speed of the flywheel is changed by changing the fundamental frequency of the stator voltage. The flywheel side converter (FSC) is connected to the stator of the squirrel cage induction machine (SCIM). The SCIM runs at no load conditions at all time. Hence, the mechanical torque is always zero in the swing equation. The rotor rotates at the synchronous speed as the slip of induction machine is close to zero at no load.
IV. COMBINED MODEL
The flywheel is connected with the DFIG and grid at the point of common coupling (PCC) as shown in Fig. 1 .
A. Integrated Dynamic Controller for the Combined System
In this section we will discuss the integrated model of the DFIG and Flywheel. The average signal C is calculated using latest L samples of P DFIG and given as below
Further at any wind speed the output power of DFIG is [11] 
where, scaling factor k p (= 0.5ρAC p max v 3 wind_base /P base = 0.73) [11] , indicates the maximum turbine output power at base wind speed, v refers to the pu wind speed on a base of 12 m/s and C p_ pu (λ pu , β) is known as the coefficient of performance of the wind turbine in p.u. Linearizing (18) for small disturbance at any operating point
and
using (20)- (21) in (19), (19) can be represented as 
B. Combined State Space Model
Based on (10) - (24) the linearized state space equation can be presented as
Again P total = P DFIG + P fly (26) We have (27) In order to develop and design the controller a small signal representation of the developed integrated state space model for the flywheel and DFIG needs to be derived as follows. For small deviation (27) can be presented as 
C. Reference Power Model
The aim of controlling the active power by Flywheel is to smooth the wind power fluctuations and to make suitable management for FESS becoming overloaded. Hence the speed of flywheel has been taken in the range of 0.7 ≤ ω rfly ≤ 1.3 [p.u]. The additional amount of energy that the FESS stores or release until maximum (ω rfly_ max ) and minimum velocity (ω rfly_ min ) is reached. It is computed as follows
where, H fly expressed in seconds, P base in MW, ω fly , ω nbase in rad/second, and ω rfly in p.u. Hence using equation (14) the available future energy (released or absorbed) can be formulated as
The reference power P ref fly can be found from (23) and can be controlled before reaching specified speed limits of the flywheel by reducing the sample values L, so that P ref fly becomes lower and hence more time is required to reach specified limits. Otherwise FESS hits its limits and controller loses regulation capacity, which is undesirable. We hypothesize that due to the effect of the grid changes and the wind farm speed changes, an optimal controller is required.
D. Small Signal Model and Controller Design
From the previous discussions for a reference flywheel power (P avg ), we can get the following small signal block diagram for the power frequency changes in the grid due to DFIG speed oscillations. Based on this Fig. 5 shows basic architecture of the Linear Quadratic Regulator (LQR) controller.
The quadratic cost function in LQR can be represented as 
W rfly (t) T Q(t)W rfly (t) + u(t) T R(t)u(t) dt (31)
Q(t)W rfly (t) + u(t) T R(t)u(t)
+ J * W rfly
W rfly (t), t A(t)W rfly (t) + B(t)u(t)
Minimum H with respect to u will occur at a stationary point which can be derived as
which gives the optimal control law as
Using (34) 
Further Hamilton-Jacobi-Bellman (HJB) equation can be presented as
using (35) and (37) in (38) and comparing both sides, we have
−Ṗ(t) = P(t)A(t) + A(t) T P(t) + Q(t) − P(t)B(t)R −1 (t)B(t) T P(t) (39)
Based on the above Differential Riccati Equation, if P(t) can be solved, the resulting control is optimal. Further from (34) using (37), we get optimal control input
where, gain F(t) = R −1 (t)B(t) T P(t) and can be solved for ahead of time knowing A and B matrices. The uniqueness of the solution can be proven as follows. Let P * (t) be the ideal solution of the Riccati Equation (39), X * (t) be the solution of A − BR −1 B T P * (t), then (X * , P * ) be a unique solution.
Proof: From the earlier discussions it can be easily derived
. From this (Fig. 2(b) ).
and above expressions it can be proven that if we could identify A matrix [26] - [28] , then
(See [26] for more details). Thus ∼ x(t i ) = 0 and
Above derivation proves that the proposed integrated small signal model of DFIG-flywheel system and the optimal controller design can be used to optimally control the active power of the flywheel energy storage system online for normal operating conditions and during contingencies. Also, it is clear from IV.C and IV.D that the purpose of this model is to develop an optimal controller design. The overall function of the optimal controller is that it allows optimal management of the active power based on an energy function. The energy function representation is discussed next.
E. Energy Function Representation
The energy associated with the LQR controller can be represented as
where E the energy in joule, J Fly is the inertia of rotating mass in kg-m 2 and ω rFly is the speed of rotation in pu, ω 
Using (42) in (41) we have
F. Controller Design for Reactive power
The flywheel can contribute to improve the low voltage ride through (LVRT) capability of WECS system. To take the advantage of this, the modification required in GSC of the flywheel is shown in Fig. 6 . This output from Fig. 6 is acting as the input to Fig. 2(b) for the flywheel control.
The reactive power through the flywheel GSC which was initially kept zero is now obtained from the PI controller with the error in voltage as input. The RSC in DFIG which was initially controlling the voltage now maintains the constant reactive power to the grid. The voltage controller in GSC of the flywheel improves the voltage during low voltage conditions and does not allow the currents in the DFIG to rise above the limit. It is worth noting that the wind turbine controller is not required to be contributing toward the LVRT. This will help the DFIG GSC to be used for extra reactive power support during normal operation and during contingencies. The tuned value of controller constants is shown in the Appendix. Fig. 7 represents the overall flowchart of the controller designs. Thus in this approach, Qref for RSC & GSC have been kept zero for Wind Turbine (WT). So, WT is not contributing for LVRT. Only the flywheel is contributing here for LVRT improvement. However, it is worth noting that the DFIG GSC can be used to augment the reactive power support.
V. MATLAB SIMULATION AND RESULTS
For verification purpose, first an individual flywheel system is considered and then the performance of the combined system is highlighted for testing purpose. The operating point is considered at wind speed of 12m/s and the output power of the DFIG is considered as 0.73 p.u.
A. Independent Flywheel Evaluation
An independent flywheel connected to infinite grid is first simulated and the results are shown in fig. 8 . The rotor speed and fundamental frequency speed of the stator are shown in Fig. 9 . Also, the dynamic slip between the rotor speed and the fundamental speed of the stator voltages is illustrated.
B. Time Domain Analysis for Variation in Wind Speed
The time domain analysis is performed using MATLAB for the combined test system. From the based wind speed (12m/s), first a step decrease in wind speed is initiated to 11m/s. Fig. 10 shows the output power to the grid and the individual output powers of DFIG and flywheel. It can be seen that although DFIG gives less power, the deficit is covered by the flywheel. 
VI. IMPLEMENTATION TEST ON AN INTERCONNECTED POWER GRID
For evaluating the system connected as a part of the grid, IEEE 68 Bus, 16-Machine, 5-area system is considered [29] . All these generators are equipped with Power System Stabilizers (PSSs) and exciters, which provide good damping of local modes and stabilize otherwise unstable open-loop system. The overall system is modified with one aggregated wind farm supported by a flywheel (see fig. 11 ). The wind farm has 100 of 1.5 MW wind turbines. The nonlinear dynamic models of the turbine including the converter dynamics is modeled using DigSilent Power Factory [30] . The total wind farm output is thus 107.385 MW at bus 16 contributing to 0.6 % penetration with base wind speed of 12m/s. The size of the flywheel depends upon the size of the wind farm and variation in wind velocity captured from historical data. In this simulation the size of the flywheel has been taken as 32 MW (30% of WF output). In order to evaluate the performance of the wind farms, the existing exciters and PSS had been removed from generator 16. For balancing the system operation, an equivalent aggregated load of 107.385 MW has been added to the PCC. Table I shows the details of the interconnected grid. Fig. 12 (a) shows the real wind speed (V w1 ) [ERCOT] . To assess the performance of proposed optimal controller (lqr controller) with conventional tuned PI controller the reference power from moving average has been compared with the actual output power of the flywheel and has been shown in Fig. 12 (b) . It can be seen that the optimal controller tracks the input reference very well. Fig. 13(a) highlights the smoothing effect of the optimal controller in comparison to conventional PI controller and the existing GE controller, whereas fig. 13(b) shows the varying feedback gain for the optimal controller. The comparison of associated energy as derived in Section IV-E is shown in fig. 14 . The spikes in fig. 14 is based on the integrated area under the curve which is dependent on the sudden change in reference power during wind speed fluctuations as shown in equation (43). This exactly shows the energy changes during drastic changes in the actual wind speed.
A. Results and Discussions
One may be interested to compare the performance of the two controller when FESS being unable to meet the desired power demand. To illustrate this effect, high variable wind velocity (V w2 ) has been extracted from the ERCOT data as shown in fig. 15 . The associated comparison between the reference and actual power and the grid total output power are as illustrated in Fig. 16 and 17(a) , respectively. Fig. 17(b) shows the varying feedback gain plot for the proposed optimal controller for this study. It can be seen that the proposed controller tracks the reference well. Fig. 18 shows that with conventional PI controller flywheel hits it lower energy level at minimum flywheel speed. With proposed controller algorithm, it can be seen that the flywheel never reaches limiting boundary and consumes less energy in compare to conventional PI controller. Further to assess the performance of the flywheel the load was increased by 50% at 100 s and removed at 102 s. Figure 19(a)-(b) shows the simulation results, where fig. 19(a) shows the overall contribution of FESS for improvement of PCC bus voltage, fig. 19(b) shows improvement in frequency dynamics. Response of DFIG and FESS of the WF during load dynamics (100s-102s). Further a low voltage condition was create at 100s, continuing up to 102 s by initiating a reactive sink at the PCC. Fig. 20 shows how flywheel eventually improves low voltage dynamics during reactive sink. It can be seen that the voltage response is much better with integrated system as opposed to individual wind farm for extra reactive support from the flywheel. Also, the active power support from the flywheel provides frequency improvements that keep the frequency within the limit (59.5 Hz) as opposed to without flywheel where the frequency dips is outside of the frequency band. This also indicate that the FESS can contribute toward mitigating unwanted potential action of protective devices due to sudden voltage dip.
VII. CONCLUSION
In this paper a flywheel based energy storage system is modeled and controlled based on a new optimal control approach to keep the grid power isolated from wind power output fluctuations. Models are developed based on complete different algebraic equations for Wind Energy Control System (WECS) along with flywheel and further linearized and reduced using Hankel Singular Values (HSV). The control architecture for flywheel provides steady energy transfer and improves the Low voltage ride through (LVRT) characteristics by modifying it to function as a static compensator (STATCOM) during low voltage conditions in the grid. It has been observed that the proposed architecture is very effective in mitigating oscillations, reducing stresses on protective devices and thus increasing wind energy penetration. 
